The endovascular technique has led to a revolution in the care of patients with vascular disease; however, acquiring and maintaining proficiency over a broad spectrum of procedures is challenging. Three-dimensional (3D) printing technology allows the production of models that can be used for endovascular training. This article aims to explain the process and technologies available to produce vascular models for endovascular training, using 3D printing technology. The data are based on the group experience and a review of the literature. Different 3D printing methods are compared, describing their advantages, disadvantages and potential roles in surgical training. The process of 3D printing a vascular model based on an imaging examination consists of the following steps: image acquisition, image post-processing, 3D printing and printed model post-processing. The entire process can take a week. Prospective studies have shown that 3D printing can improve surgical planning, especially in complex endovascular procedures, and allows the production of efficient simulators for endovascular training, improving residents' surgical performance and self-confidence.
Introduction
The endovascular technique has led to a revolution in the care of patients with vascular disease; however, acquiring and maintaining proficiency over a broad spectrum of procedures is challenging for experienced surgeons and surgeons under training [1, 2] , as the rapid innovation process of the endovascular material demands frequent update and technical training [3] . Although the importance of training based on simulations is well documented in several studies [4] [5] [6] [7] [8] [9] [10] , the use of simulators is still limited [3] , and the cost of the simulator is probably the main reason [10] [11] [12] . Therefore, affordable simulators are the key to make simulations a routine [11] .
Three-dimensional (3D) printing, also known as additive manufacturing or rapid prototyping, is a growing technology that is changing the manufacturing industry [13] . The process consists of creating 3D objects through deposition of successive layers of different materials, based on a computer file. 3D printing offers many advantages over traditional manufacturing, including the ability to create objects with complex internal structures, improved versatility, and customisation and lower space requirements [12] . The cost of 3D printers has recently decreased, and the availability of 3D printing services has increased. Itagaki [13] showed the feasibility of producing a 3D-printed splenic aneurysm using Internet-based services (www.shapeways.com, www.imaterialise.com) at a low cost.
The combination of 3D printing and imaging examinations offers a great opportunity for the progress of medical science [14] [15] [16] , as it allows the visualisation of diseases with complex anatomy [12] and the creation of models in different materials, which can be used for surgical planning and training [7, 17, 18] . Furthermore, 3D printing allows a patient-specific simulation, which is more efficient than generic simulation [8, 19] .
Methods
We performed electronic searches in PubMed to collect studies on 3D printing technology and its applications in endovascular training. Several searches were performed using the combination of different terms: 3D printing and/or endovascular training and/or surgical planning. The only limit defined was language: only reports in Portuguese or English were considered. Titles and abstracts were screened to exclude irrelevant or duplicate abstracts. Then, the included articles underwent a full-text review. We initially found 409 results, which were narrowed down to 190 after the analysis of abstracts (duplicated articles and researches deemed irrelevant to surgical practice were excluded). This set of results was then reviewed to form a set of 58 full-text articles used for the final analysis. In addition, the websites of the 3D printers were searched for technical information.
Process to create 3D-printed vascular models for endovascular training
The process to produce 3D-printed vascular models based on image examinations consists of four steps: image acquisition, image post-processing, 3D printing and printed object post-processing ( Figure 1 ). Depending on the size and complexity of the vascular model, it can take up to 48 h just to 3D print it. It is reasonable to expect 1 week for the completion of the entire process.
Image acquisition
Data for generating medical 3D-printed models are typically acquired with computed angio-tomography scan (angioCT) or magnetic resonance imaging (MRI) [12, 15] . For vascular models, image post-processing is less complex for angioCT scan data [15] . An ideal computed tomography (CT) acquisition should be free of image artefacts and have isotropic voxel resolution, high image contrast between the anatomy of interest and neighbouring tissues, and low noise. A slice thickness of 0.5-1.5 mm is adequate. Acquired data are saved in Digital Image and Communication in Medicine (DICOM) format.
Image post-processing
Image post-processing can be performed using several different software programs, as shown in Table 1 .
For DICOM post-processing, the authors' choices were iNtuition Unlimited software (Aquarius, TeraRecon, San Mateo, CA, USA), OsiriX software (Pixmeo, Geneva, Switzerland), or Horos software (The Horos Project, sponsored by Nimble Co LLC d/b/a Purview, Annapolis, MD, USA). The first step was to generate a reconstruction of the region of interest based on the contrast inside the arterial lumen. After that, the vascular reconstruction was extracted from the surrounding tissue (manually or using specific tools, such as extracting the central line in TeraRecon) and exported as a stereolithography (STL) file. Thereafter, we chose Mesh Mixer (Mesh Mixer 2.8; Autodesk Inc., San Rafael, CA, USA) or Magics Software (Magics, 3-matic ® ; Materialise NV, Leuven, Belgium) for STL processing. These programs allow the user to smooth the surface of the vascular structure and to correct errors in the mesh. A wall thickness was digitally produced, and the space occupied by the lumen was subtracted to create the primary hollow models, as shown in Figure 2 .
3D printing
Recent advances in 3D printing technology have led to the development of new resources, making the use of a wide variety of materials from plastic to metals possible. It is possible to directly 3D print hollow flexible models, which is a one-step process; therefore, it is faster and more accurate than the commonly used lost wax technique [27] . The choice of the 3D printer depends on the application. Figure 3 shows some 3D printers available. Some of the following characteristics should be considered: cost, accuracy, speed and materials available [12] .
Industrial machines, such as Connex from Stratasys [33] , are versatile (have a great number of printing materials available and allow the combination of different materials in the same object), accurate (has a layer resolution of 16 μm) and have a big printing platform (up to 490 × 390 × 200 mm). Nevertheless, the cost of the 3D printer and the resins is high (one 3D printer costs around US$270,000.00, and the cost to 3D print an aneurysm is US$1670.00). Desktop machines, in general, have smaller printing platforms, smaller accuracy and limited materials available. Therefore, they cost less (Form1 +, US$3000.00; MakerBot, US$2118.00; Nobel, US$2214.00), which makes their use outside study protocols feasible [19] . The companies Stratasys, Formlabs and MakerBot informed the cost of the 3D printers through invoices. The cost of the materials was calculated by two different 3D printing companies, based on the mean quantity of the material necessary for one aneurysm. The characteristics of some 3D printers previously tested for producing models for endovascular training are shown in Table 2 .
The 3D printing materials are specific to each 3D printer and are not interchangeable. In general, the characteristics desired for endovascular training are transparency (for training with no need for radiation), good resistance (to avoid leakages and ruptures during the training sessions) and good navigability of the endovascular material (for precision during the deployment of the stent graft and the use of the endovascular material).
It is possible to produce a simulator for training in endovascular aneurysm repair (EVAR) using Connex (Stratasys), Form1 + (Formlabs), MakerBot and Nobel (XYZ Printing) 3D printers. The properties of the materials are shown in Table 3 .
Unfortunately, no 3D printing material has all the properties required for endovascular training: insufficient transparency or resistance are the main problems. Most flexible resins available (e.g. Tango Plus from Stratasys, the flexible resin from Formlabs and the flexible resin from XYZ Printing) allow a single training session to be performed, due to the poor resistance of the material, which makes ruptures and leakages frequent. It is possible to reproduce the vascular model in silicone to overcome this issue. For this reproduction, a solid model is made (using a low-cost fused deposition modelling printer such as MakerBot or Sinterstation HiQ printer) and reproduced in silicone. Nevertheless, the process is not simple; knowledge of the material, skills and a good infrastructure are necessary. However, in a test of different materials (shown in Table 2 ) in a simulator for EVAR training, silicone was the only flexible material capable of resisting the training sessions with no leakages or ruptures [19] .
Printed model post-processing
After 3D printing, the object needs to be post-processed. Each material requires different work [19] .
If the Polyjet technology is used (e.g. Connex 3D printer from Stratasys), the support material has to be removed with a water jet. Ruptures may occur during the cleaning process and have to be repaired (using the resin itself or glue). The vascular models should be exposed to ultraviolet light for 24-48 h to improve transparency. Figure 4 shows the process.
If STL technology is used (e.g. Form1 + from Formlabs, Nobel from XYZ Printing, Projet from 3D Systems), pillars are produced to sustain the vascular model during the printing process (shown in Figure 5 ). These pillars have to be removed. In general, the printing area is small and the vascular models have to be produced in two or three parts, which can be assembled together using the resin and a proper laser. For curing purposes, the vascular models should be exposed to ultraviolet light for 24-48 h.
If a solid model is 3D printed, it can be reproduced in silicone in several different ways: the lost wax technique can be used, or silicone can be directly applied on the surface of the solid model, cured under rotation and heat, and thereafter cut, removed from the solid model and restored. A soluble resin can be used to produce a solid vascular model, and then silicone is applied on the surface of the soluble model and cured, and afterwards the soluble resin is removed by submerging it in a solution produced with caustic soda and water.
Production of a patient-specific simulator for training in endovascular procedures
After post-processing, the vascular models should be connected to a pulsatile flow system to improve the navigability of the endovascular material and to allow the procedure to be performed under antegrade flow. There are commercially available pumps and generic silicone vascular models (e.g. http://www.elastrat.ch/models/ assets/files/Products%20PDF/Pump-Tank%203 lt.pdf). A 3D-printed model can be incorporated in a generic silicone model, as shown in Figure 4 . Although no 3D printing materials show all the properties required for training, the simulators produced using 3D-printed models allowed efficient patient-specific training prior to endovascular procedures [19] .
Applications of 3D-printed vascular models Surgical training
Simulation-based training is not a substitute for clinical practice; however, it offers a consistent method of instruction that allows skill development and assessment. It is more efficient than simple demonstrations (because the resident can truly practice the procedure), more accurate (a patient-specific condition can be reproduced) and less expensive than training in animals. Simulations avoid the exposure of patients to unnecessary risks, and avoid ethical and legal issues related to teaching and learning processes inside a hospital [34] . University hospitals can use simulators to assess the surgical skills of residents during their training, identifying their difficulties in order to improve the program. Senior residents in the United States reported limited experience and low self-confidence in performing Test with an opaque material and an aneurysm produced in two parts. According to our previous study [19] , analysing transparency, resistance and navigability.
complex endovascular procedures. Residents who performed simulation-based training reported an increase in self-confidence; nevertheless, only 25% of residents in the United States had access to this kind of training [10] . Among educators, there is a concern that graduated residents are not ready to independently perform all vascular surgery procedures in their field [10] .
Training in patient-specific simulators, produced with 3D-printed vascular models, improves the residents' surgical performance (reducing fluoroscopy time, total procedure time and amount of contrast used) and increases their self-confidence [19] .
Surgical planning
Preoperative planning is a crucial part of endovascular procedures [21, [35] [36] [37] . The choice of stents and grafts is based on CT images; however, in complex cases, there can still be considerable uncertainty [7, 15, 26] . 3D-printed vascular models can be created from CT data and used to test the device selection to assist in the preoperative planning [25] [26] [27] 31] .
Tam et al. [38] conducted a pilot study to investigate the role of 3D-printed models in surgical planning and clinical decision making for cases with aortic aneurysms with challenging anatomical features (e.g. short, angulated or conical necks). They analysed 28 endovascular operators who planned six different cases. After planning the procedure based on the patients' angioCT, the surgeons were presented with the equivalent 3D-printed models and asked to review their decisions. The plan changed in 20% of the cases, and the level of confidence increased in 43% [38] .
3D aortic models are also a valuable tool to test a custom-made stent graft before implantation, and may avoid adverse events associated with misaligned fenestrations and unconnected aortic branches. Taher et al. [26] analysed 60 patients who underwent fenestrated endovascular aortic repair and observed that 21.7% of the stent grafts were modified after the surgeon tested the stent graft in a 3D-printed aortic model.
Similarly, Koleilat et al. [25] assessed the accuracy of the measurements obtained with automated 3D centreline reconstruction from imaging data compared with 3D-printed aortic models. They found substantial differences in inter-observer measurements compared with 3D-printed aortic models and concluded that vessel angles are not accurately measured. This may lead to an eclipsing phenomenon, which may contribute to branched or fenestrated vessel failure and re-intervention.
Itagaki [13] manufactured a vascular model to assist surgical planning prior to endovascular treatment of a patient with multiple splenic artery aneurysms. He used free software and low-cost printing services, and concluded that the models produced are useful in preoperative planning and intraoperative guidance.
In addition, 3D-printed vascular models significantly improve the ability of trainees to properly plan for complex endovascular procedures such as EVAR [21] . Therefore, a simulator produced using 3D-printed vascular models is a good tool to teach procedural planning. Surgeons under training have the opportunity to plan the procedure on the patients' CT and test their tactics on the simulator, which allows for a better understanding of endovascular material behaviour.
Discussion
Increased emphasis on patient outcome and quality improvement has led to the use of 3D printing technology in the medical field, especially in school hospitals, where surgeries are performed by surgeons under training [39] .
The effect of residents' involvement in perioperative outcomes is a topic of debate and has been evaluated across different surgeries [39, 40] . Iannuzzi et al., analysing lower-extremity amputation, concluded that resident involvement increased the odds of major morbidity, operative time and the risk of intraoperative transfusions [41] . Scarborough et al. noticed that resident involvement in lower-extremity bypass was an independent risk factor for graft failure [42] . DiDato et al. [39] analysed the effect of resident involvement in EVAR, and concluded that it was not associated with major adverse perioperative outcomes. However, it was associated with an increased operative time and length of stay, and therefore may lead to increased resource utilisation and cost [39] .
The increased operative time related to residents' involvement in EVAR was reversed with patient-specific training in a school hospital in Brazil. During 1 year, the residents trained for all steps of the surgery using a simulator produced with 3D printing technology, which led to an improvement in residents' surgical performance (total procedure time was reduced by 29%, fluoroscopy time by 31% and time for contralateral limb gate cannulation by 54%) and increased their self-confidence [19] . These findings agree with a systematic review published by See et al. in 2016 [43] , which reported a reduction in surgical metrics (procedure time and fluoroscopy time) after the technical training of the residents because the residents became more familiar with the procedure. The reduction in fluoroscopy time and total procedure time is an important issue in a procedure that exposes the patient and the surgical team to ionizing radiation [44, 45] .
A multicentre, prospective, randomised trial in Europe showed that patient-specific rehearsal prior to EVAR reduced perioperative errors and the number of angiograms required to deploy the stent graft. Therefore, it may improve patient safety and procedural efficiency [5] .
The CT scan measurements for programming endovascular procedures are based on a centreline of flow. However, even modern workstations cannot accurately predict the treatment lengths in patients with severe aortoiliac tortuosity [46] . These patients tend to show a substantial shorten due to a combination of remodelling of the native aorta, stent-graft conformability, and stiffness of guidewires and delivery systems used in endovascular surgeries. The arterial deformations caused by the endovascular equipment depend on multiple factors, such as the morphology of the arteries, the state and degree of calcification of the arterial wall, and the type of device used. Today, their prediction relies mainly on the surgeon's experience [47] .
3D printing can be a valuable tool to predict the deformations of the arteries due to the insertion of the endovascular material, which can help improve surgical plans, avoiding complications and use of unnecessary material [26, 47] , especially prior to complex surgeries such as implantation of fenestrated aortic grafts. Planning and construction of fenestrated stent grafts for complex aortic anatomies are challenging: the exact fit and positioning of the graft are paramount to allow cannulation of the aortic branches [26] .
A retrospective study at Stanford University Medical Center showed a 30% cost increase in EVAR when the use of stent graft extensions was necessary, compared to cases where the standard number of pieces was used (mean device-related cost US$13,220 vs. US$17,107, p < 0.01); the authors concluded that appropriate preoperative planning and device selection can minimize the cost [48] . Improvement in surgical planning and surgical efficiency can make the use of simulators cost-effective. The cost to produce 3D-printed models (Itagaki, US$50.34-232.03; Torres and De Luccia, US$200.00-1200.00) seems reasonable compared to the cost of the endovascular material [13, 19] . Nevertheless, a study designed to analyse cost reduction after simulations is necessary to confirm this conclusion.
An important limitation of training using 3D-printed models is the need for endovascular material for training purposes, which is wasteful and adds to the cost of training [11] . However, endovascular materials that are close to expiration are generally collected and incinerated. This material may be donated to hospitals where training protocols are implemented. In addition, some endovascular material can be recapped and deployed several times. Moreover, in complex cases, the company may produce a non-sterile prototype for training purposes, which is already commercially available for Terumo Anaconda fenestrated grafts, for example [26] .
Currently, there are virtual-reality simulators that overcome the need for endovascular material for training. Numerous studies have shown good results with endovascular training using virtual-reality simulators [4, 5, 8, 11, [49] [50] [51] [52] . However, virtual-reality simulators are expensive devices [11, 50, 53] that are prone to technical failure and require regular calibration and maintenance [11] .
Virtual-reality simulators and 3D-printed models are both interesting and promising technologies. Virtual-reality simulators have proven useful in choosing the C-arm angle and offer quantitative data for performance analysis [4] . 3D-printed models may help in understanding the behaviour of the endovascular material in three dimensions, inside a specific anatomy. In addition, 3D-printed models can be directly manipulated and inspected, which can help identify some details that were not noticed on the CT scan. Both technologies have shown good results for training and surgical planning [4, 5, 19] ; the choice depends on the institution infrastructure, budget and personal preferences.
The traditional apprenticeship model training was stated by Halsted in 1904 and basically consists of supervised training with progressive exposure of the residents to the procedures [11] . Although patient safety is assured by the presence of a senior surgeon [39] , this teaching method may not be valid in the modern practice of vascular surgery [54] [55] [56] . Simulation-based training offers a consistent method of instruction that allows skill development and assessment. Simulations avoid the exposure of patients to unnecessary risks, and avoid ethics and legal issues [34] . 3D-printed vascular models allow the production of simulators for endovascular training, which can improve procedural efficiency and patient safety.
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